We show for the first time that the loop-driven kinetic mixing between visible and dark Abelian gauge bosons can facilitate dark matter production in the early Universe by creating a 'dynamic' portal, which depends on the energy of the process. The required smallness of the strength of the portal interaction, suited for freeze-in, is justified by a suppression arising from the mass of a heavy vector-like fermion. The strong temperature sensitivity associated with the interaction is responsible for most of the dark matter production during the early stages of reheating.
I. INTRODUCTION
More than 85 years ago Fritz Zwicky set a cat among the pigeons when he concluded in his seminal paper [1] that 'dark matter is present in much greater amount than luminous matter' in the Coma cluster. Volumes of indirect confirmations such as combinations of the CMB measurements [2] and astrophysical observations [3, 4] although provide enough evidences for the existence of dark matter (DM) in the total energy budget of the Universe, the nature of the DM is yet to be understood. Due to its simplicity, strong predictability and naturalness, the Weakly Interacting Massive Particle (WIMP) paradigm has dominated the debate in dark matter searches and modeling during the last decades. From supersymmetric candidates to Kaluza-Klein excitations, there were plethora of motivations to justify that dark matter freezes out from the primordial plasma after a long stage of thermal equilibrium.
The lack of DM detection in direct search experiments like XENON100 [5] , LUX [6] , PandaX-II [7] or more recently XENON1T [8] , however, drives us to look for alternative scenarios. Combined constraints from cosmology, direct searches and accelerator based experiments have already pushed the simplest extensions of the Standard Model (Z-portal [9] , Higgs-portal [10] , Z -portal [11] etc.) to unnatural corners of the parameter space (see [12] for recent reviews). This situation has led to the emergence of an alternative paradigm where the dark matter is conceived to be produced 'in' the process of progressing towards thermal equilibrium, rather than being perceived as frozen 'out' from the thermal bath. In order to avoid unacceptably large DM production resulting in over-closure of the universe, rather feeble couplings between the dark and the visible sectors are required. The Feebly Interacting Massive Particle (FIMP) scenario [13] , thus advocated is hardly a 'miracle' unless the small couplings can be justified from an underlying dynamics. One such option is a mass-suppressed coupling, such as Planck scale suppressed couplings in supergravity as shown in [14] , where the gravitino production is just sufficient to respect cosmological constraints in high-scale supersymmetric scenarios. In SO(10) unified theories, massive gauge bosons can play the role of heavy mediators yielding also small couplings [15] . Similar suppressions also arise in massive spin-2 theories [16] , string theory inspired moduli portal scenarios [17] and in scenarios containing Chern-Simons type couplings [18] . A notable feature in all these constructions is a sharp temperature dependence of the DM relic density -beyond the conventional reheating temperature (T RH ) -up to some maximum temperature (T MAX ) accessible during the reheating process [19] . As an aside, we mention here that DM production through freeze-in can also happen directly from the inflaton decay [20] .
Another possibility, that we show for the first time in this paper, is freeze-in DM production through gauge kinetic mixing radiatively generated. Portals of kinetic mixing with constant strengths have often been used in the literature in the context of various UV complete scenarios [21] to motivate DM production [22] . On the contrary, in our case, the portal between a dark U(1) and hypercharge U(1) Y , generated by loops of some heavy vectorlike fermion exhibits a strong temperature dependence (hence, 'dynamic'), and can effectively produce dark matter in sufficient amount in the early stages of the reheating. The extreme smallness of the coupling is guaranteed in this case by the suppression arising from the heaviness of the loop fermion together with the loop factor. The paper is organized as follows. In Section II, we dearXiv:1905.11407v1 [hep-ph] 27 May 2019 scribe our model and calculate the radiatively generated dynamic gauge kinetic mixing. We then compute and analyze the DM relic abundance in Section III before concluding in Section IV.
II. DYNAMIC KINETIC MIXING PORTAL

A. The model
We consider the following scenario to illustrate the emergence of dynamic gauge kinetic mixing between two Abelian sectors. We assume the presence of a vector mediator Z coupled to a fermionic DM χ while keeping the Standard Model sector neutral with respect to it. This Z can arise from gauging a U(1) and may receive a mass (M Z ) by Stückelberg or some dark Higgs mechanism. The Lagrangian of the dark sector containing a massive Z is then given by
is the field strength of Z . Following the principle of gauge invariance, one can write a tree level kinetic mixing term between the dark U(1) and the hypercharge U(1) Y , given by
B µ being the gauge field associated with the Standard Model hypercharge. The literature is rich in studies where δ is a free parameter, generally small to avoid overproduction of dark matter in freeze-out or freeze-in scenarios, while in the mean time respecting direct detection constraints. However, in what follows, we will assume that the two Abelian sectors can communicate only through some hybrid mediators. As a consequence, we neglect the tree level (contact) mixing in our framework to study the effect of the radiatively generated kinetic mixing 1 . Similar, if not identical, situations arise in GUT models which accommodate heavy fermions. In our scenario, the hybrid mediators are a set of heavy fermions F j , which are vector-like under both U(1) and U(1) Y . The Lagrangian in this sector may be written as
where N F is the number of hybrid fermions and we assume that m j M Z . For simplicity and without lack of generalities, we consider a minimal setup where
We now proceed to compute the gauge kinetic mixing generated by this fermion at energy scales below m F . Once the heavy hybrid fermion is integrated out, an effective kinetic mixing is radiatively generated (see Fig. 1 ) for processes occurring at energies below m F . Note that, the corresponding one loop mixed vacuum polarization diagram shown in Fig. 1 contains a logarithmically divergent piece. Since the mixing term corresponds to a marginal gauge invariant operator, even if we have set δ = 0 as mentioned previously, a counterterm exists which takes care of the divergence. The one loop contribution from Fig. 1 has the structure (see Appendix A for the complete expression)
where Π Z B , calculated using the Dimensional Regularization scheme in the limit p 2 m 2 F , with µ as the renormalization scale, is given by
The renormalized kinetic mixing for p
where δ CT denotes the counterterm. We recall that g and g D will have usual logarithmic running triggered by the standard and dark degrees of freedom, respectively. We nevertheless fix them to constant values, as the effect of their running is numerically insignificant for the purpose of our analysis. The natural renormalization prescription we employ for the determination of the counterterm is that at large distance (p 2 → 0) the mixing vanishes to keep the quantum electrodynamics totally uncontaminated. This implies that
It immediately follows that
The above expression is reminiscent of the origin of Lamb shift in quantum electrodynamics. Thus the effective kinetic mixing below the hybrid fermion mass scale is of the order O(p 2 /m 2 F ) reduced by a loop factor. Additionally, due to the explicit momentum dependence involved, the strength of the mixing depends on the scale and dynamics of the process under consideration. These two attributes make such dynamic mixing a worthy portal for freezing-in DM.
Note that, at low energy the loop contribution can be envisaged through the following dimension-6 operator,
where
III. FREEZING-IN DARK MATTER
To calculate the evolution of dark matter number density (n χ ) we need the Boltzmann equation:
where R(T ) denotes the dark matter production rate and H(T ) is the usual Hubble expansion rate. In our scenario, two main production channels are the following: (i) ff → χχ and (ii) H † H → χχ, where f and H denote the Standard Model fermions and Higgs doublet, respectively.
We emphasize that the contribution of the inflaton field (φ) to the total energy density can dominate over that of radiation if M Z is close to reheating temperature (T RH ). In that case the dark matter relic density is calculated by solving Eq. (11) along with the following two equations for the inflaton field and the radiation 2 [19, 23] :
where we have neglected dark matter interaction with radiation in the evolution of radiation energy density. The solution of these coupled differential equations can be well approximated analytically in the limiting cases of inflaton and radiation domination. For radiation dominated era the standard expression involving the Hubble rate is given by
while the same for the inflaton dominated era is given by [18, 24] 
Here, g RH and g MAX represent the relativistic degrees of freedom at T RH and at the maximal temperature (T MAX ) reached during the reheating process, respectively, and
18 GeV is the reduced Planck mass. We will assume the energetic and entropic relativistic degrees of freedom, g e and g s , are equal to 106.75. Using the above equations, the dark matter relic density Ωh 2 ≡ m χ n χ /ρ c (where ρ c is the critical density today) can be calculated by splitting it into two parts viz. a radiation dominated and an inflaton dominated contributions, as [17] 
where T 0 is the present temperature. It turns out that the production of the dark matter will have dominant contribution from the inflaton dominated era if the temperature dependence of the rate follows as R(T ) ∝ T n with n ≥ 12. In the following analysis, we will assume T MAX = 100 T RH for the purpose of illustration.
A. Production rate
We present below the generic structure of the dark matter production rates obtained in our model for three distinct ranges of M Z , assuming m χ T , as
where we take the decay width Γ Z M Z (see Appendix B for the detailed expressions of R(T ), Γ Z and the numerical coefficients C). We perform a full numerical computation of the rate using the CUBA package [25] . For a set of benchmark parameters, the DM production rate as a function of the variable x ≡ M Z /T is displayed in Fig. 2 (solid curves) . For the ease of illustration we have set g 2 D q χ Q Q D = 1 (see Eqs. (1) and (3)), m F = 10
13 GeV, and M Z = 10 10 GeV. From left to right in the solid curves, m χ = 10 12 , 10 10 , 10 9 , and 10 4 GeV (cyan, brown, blue, and black), respectively. From the expressions of the approximate rates in Eq. (16), we can intuitively follow the different regimes of DM production shown in Fig. 2 . The production rate has a pronounced temperature dependence and in general falls as the universe cools down. In the small x 1 (large T ) regime, the bath temperature is much higher than the mediator mass, and hence the rate is governed by the light mediator approximation (M Z T ). In the large x 1 (small T ) regime, sufficient temperature is not available in the bath to produce Z on-shell, indicating the region dictated by the heavy mediator approximation (M Z T ). However, if the bath temperature is around the Z mass (x ∼ 1), dark matter is produced through the on-shell Z decay leading to s-channel resonance enhancement. Thus, the Z -pole effects are observed around x ∼ 1 and the production rate is governed by the narrow width approximation (M Z ∼ T ). Furthermore, once the temperature falls below m χ , the production rate drops exponentially due to the well-known Boltzmann suppression (∝ e −mχ/T ). Colored vertical lines mark T = m χ for the four different values of the dark matter masses. For m χ = 10 12 GeV and 10 10 GeV, Boltzmann suppression predates the Z pole. For these cases, resonance enhancement around x ∼ 1 is absent in the production rate.
We also compare in Fig. 2 the DM production rates as found in our model with that found using a tree level constant kinetic mixing 3 portal (dashed blue curve) for m χ = 10 9 GeV and kinetic mixing parameter δ = 10 −6 . In the latter case, the temperature dependence of the production rates for different M Z are given by
where the coefficients C const are given in Appendix B. The comparison shows that in case of constant kinetic mix-3 Strictly speaking, δ, as defined in Eq. (2), does not remain a constant but runs logarithmically being proportional to itself. For the purpose of comparison, we treat δ as a constant, as the numerical effect of its running on the DM production is negligible. ing, as the bath temperature decreases, the production rate falls at a slower pace than for dynamic mixing. This aspect can be accounted by noting the relative suppressions between Eqs. (16) and (17). Thus, while for the dynamic portal the DM will be produced mostly at early times leading to a UV freeze-in, the production will take place for a prolonged duration in the constant mixing scenario depending on the strength of the mixing parameter.
B. Relic abundance
We now calculate the DM relic abundance in our model, and examine the consequences of matching the relic density to the observed value Ωh 2 ∼ 0.12. In Fig. 3 , we exhibit the dependence of the relic density on M Z for different values of m χ (colored solid lines). In the light mediator regime (M Z T RH ), Ωh 2 is insensitive to M Z as the relic abundance saturates at a much higher temperature. In the T RH M Z T MAX region the relic density increases due to s-channel resonance when M Z 2m χ . When we consider heavier Z its on-shell production from the bath gets suppressed causing a fall in the relic abundance. Once M Z T MAX the density falls more sharply. To understand the dependence of the relic density on the DM mass, we recall that Ωh 2 ∝ m χ n χ . For relatively smaller values of m χ the abundance grows with increasing m χ (gray and brown curves), while we witness a fall in Ωh 2 once m χ goes above T RH (cyan, blue and black curves) via a severe phase space suppression in n χ .
In Fig. 4 , we present the contours of Ωh 2 = 0.12 in the M Z − m χ plane for both dynamic and constant kinetic mixing portals. We first discuss the dynamic kinetic mixing results as obtained in our model for two represen- [GeV ]
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Contours of Ωh 2 = 0.12 for both dynamic (brown and gray solid curves) and constant (black and blue dashed curves) mixing portals.
tative choices of m F = 5 × 10 12 GeV (gray) and 10
13
GeV (brown), respectively. Each choice of m F corresponds to a contour, on which m χ n χ is constant, implying that lighter (heavier) DM needs to be produced in large (small) number. More specifically, the right (left)-hand branch of the contour is associated with less (more) DM production. For low M Z ( T RH ) the contour is insensitive to M Z as explained in the context of Fig. 3 . When M Z ∼ T RH , excess DM production due to resonance is counterbalanced as the left-handed branch of the contour (which was so long vertical) turns towards smaller m χ . The contour cannot continue indefinitely towards increasingly smaller m χ as n χ needs to be appropriately compensated by arranging a lighter mediator (i.e. small M Z ), which in turn weakens the dy-
. This explains the upper left edge of the contour. The contour then turns right towards larger m χ requiring monotonically increasing M Z to keep m χ n χ to a constant value. Finally beyond certain values of m χ and M Z , the DM production is insufficient to reproduce the observed relic, justifying the upper right edge of the contour. We also observe that the contour for m F = 10
13 GeV is contained within that of m F = 5 × 10 12 GeV, which can be explained by simply noting that larger (smaller) m F implies weaker (stronger) kinetic mixing (∝ 1/m 2 F ). For comparison, we also ran our analysis with constant kinetic mixing contours for δ = 10 −6 (black dashed), and 10 −10 (blue dashed). The primary difference with the dynamic portal case is the absence of additional powers of temperature endowed in the dynamics. For a given δ, the vertical line is absent in the left-hand side as a large M Z is required to tame the DM over production. Larger δ obviously requires heavier Z to reproduce the relic density. For δ = 10 −6 , when m χ crosses T RH , Boltzmann suppression shows up in the form of a dip. This happens because in the constant mixing case the DM production occurs almost entirely in the radiation dominated era, in contrast with the dynamic mixing scenario where additional powers of T is responsible for DM production even in the inflaton dominated period (T RH < T < T MAX ). For δ = 10 −10 , once M Z crosses T RH the slope of the contour changes to adjust m χ n χ = constant.
IV. CONCLUSIONS AND OUTLOOK
The most noteworthy observation in this paper is the identification of a scale-dependent portal for freezing-in DM production. The portal is created through one loop gauge kinetic mixing between a dark U(1) and hypercharge U(1) Y by integrating out a very heavy vector-like fermion. The requirement of preserving quantum electrodynamics at large distances entails the strength of this mixing strongly dependent on the energy of the process involved. This novel route, not conceived previously, allows the dark matter to be produced through freeze-in mechanism mostly during the very early stage of reheating. We have demonstrated how it differs from freeze-in DM production through constant kinetic mixing. It is worth stressing that in the absence of tree level kinetic mixing, that can be attributed to some tuning, the mixing arising in our model provides the required smallness of the portal interaction, side by side with an enhanced temperature dependence leading to a UV freeze-in. Needless to add, though 'freeze-in' was primarily motivated to justify the continued absence of evidence in DM direct searches, it is time to put serious thoughts on any possible, however far-fetched, tests of such scenarios. For instance, possible future detection of gravitational waves, generated if the U(1) breaking is associated with first order phase transition [26] , may point towards a Z mass range far beyond the reach of any future colliders, thus shedding some light on the DM portal. An interesting corollary would be to investigate whether the concept of this dynamic kinetic mixing can be employed in a 'freezeout' scenario, albeit with a different range of parameters [27] .
The one loop vacuum polarization diagram, shown in Fig. 1 , is calculated using the Dimensional Regularization scheme (d = 4 − 2 ) as follows:
The full analytic expression for Π Z B is given in terms of r = p 2 /4m 
where 1 ≡ 1 − γ E + log 4π , and γ E 0.577 is the Euler-Mascheroni constant. Evidently as r → 0, Eq. (A2) reduces to Eq. (5).
